SUMMARY
The non-hematopoietic cell fraction of the bone marrow (BM) is classically identified as CD45 -Ter119 -CD31 -(herein referred to as triple-negative cells or TNCs). Although TNCs are believed to contain heterogeneous stromal cell populations, they remain poorly defined. Here we showed that the vast majority of TNCs ($85%) have a hematopoietic rather than mesenchymal origin. Single cell RNA-sequencing revealed erythroid and lymphoid progenitor signatures among CD51 -TNCs. Ly6D + CD44 + CD51 -TNCs phenotypically and functionally resembled CD45 + pro-B lymphoid cells, whereas Ly6D -CD44 + CD51 -TNCs were enriched in previously unappreciated stromal-dependent erythroid progenitors hierarchically situated between preCFU-E and proerythroblasts. Upon adoptive transfer, CD44 + CD51 -TNCs contributed to repopulate the B-lymphoid and erythroid compartments. CD44 + CD51 -TNCs also expanded during phenylhydrazine-induced acute hemolysis or in a model of sickle cell anemia. These findings thus uncover physiologically relevant new classes of stromal-associated functional CD45 -hematopoietic progenitors. Park et al., 2012; Schepers et al., 2012; Worthley et al., 2015; Zhou et al., 2014) . CD45 is a type I transmembrane molecule reported on the surface of all nucleated hematopoietic cells and their precursors (Penninger et al., 2001) , except for erythroid cells, which are excluded by the expression of Ter119, an antigen associated with glycophorinA found in the early mouse proerythroblast to mature erythrocyte stage (Kina et al., 2000) . Following endothelial cell exclusion (using CD31 or Tie2 expression), the non-hematopoietic cell fraction (hereafter referred to as CD45 -Ter119 -CD31 -triple-negative cells or TNCs) represents $0.5% of the mouse adult BM cellularity, and comprises a population of stromal cells currently thought to be derived from mesenchymal precursors (Mizoguchi et al., 2014; Park et al., 2012; Pinho et al., 2013; Worthley et al., 2015; Zhou et al., 2014) . The phenotype of murine BM mesenchymal-derived stem cells (MSCs) or skeletal stem cells (SSCs) has been defined by several recent studies. In the developing marrow (embryonic day 15.5), a population of progenitors with the surface markers CD45 -Tie2 -CD51 + CD105 + Thy1.1 -can form endochondral bone and marrow cavity when implanted under the kidney capsule (Chan et al., 2009 ). In the adult BM, stromal cells marked by Nestin-GFP contain all colony-forming units-fibroblast (CFU-F) activity or sphere-forming activity detectable in the BM cavity (Mé ndez-Ferrer et al., 2010) . These Nestin-GFP + cells associate with hematopoietic stem cells (HSCs) and express high amounts of HSC niche factors, suggesting that they form an HSC niche (Mé ndez-Ferrer et al., 2010 ) that highly overlaps with leptin receptor (Lepr)-expressing stromal cells and Cxcl12-abundant reticular (CAR) cells (Asada et al., 2017; Ding et al., 2012; Kunisaki et al., 2013; Pinho et al., 2013; Sugiyama et al., 2006) . Cell surface receptors PDGFRa and CD51 mark most Nestin-GFP + BM MSCs . Compact bone contains much higher CFU-F activity than the marrow cavity Short et al., 2009) , and these bone-associated MSCs express Sca-1 and PDGFRa (Morikawa et al., 2009 ). In addition, high CFU-F activity has also been described in bone-associated stromal cells expressing Gremlin-1 (Worthley et al., 2015) or CD200 (Chan et al., 2015) . Lineage-tracing studies have revealed the presence of endogenous osteoprogenitors (Park et al., 2012) , mesenchymal-derived stem cells that possess trilineage differentiation capacity (Mizoguchi et al., 2014; Zhou et al., 2014) or bone-associated SSCs deprived of adipocyte potential (Chan et al., 2015; Worthley et al., 2015) , confirming an important role for distinct MSC or SSC populations in bone and stromal regeneration. Owen and Friedenstein suggested three decades ago that non-hematopoietic BM stromal cells may be organized hierarchically in a manner as complex as the hematopoietic tree (Owen and Friedenstein, 1988) . While some progress has been accomplished to define the stromal hierarchical tree (Chan et al., 2015) , much of the non-hematopoietic BM fraction remains undefined. If non-hematopoietic cells originated from a common progenitor, we would expect that all BM stroma would descend from a definitive mesenchymal-derived precursor. Here, we analyzed the TNC population and show that the majority of TNCs are derived from HSCs and contain stromal-dependent CD45 -B-lymphoid and erythroid progenitors.
RESULTS

Bone Marrow TNCs Are Largely Derived from HSCs
To trace the mesenchymal lineage in the bone marrow, we intercrossed transgenic lines expressing Cre recombinase driven by neural-glial antigen-2 (NG2) (Asada et al., 2017) , Lepr (Ding et al., 2012) , or Osterix (Osx) (Nakashima et al., 2002) with the ROSA26-loxP-stop-loxP-tdTomato reporter (iTdTomato). Constitutive NG2 or Lepr-mediated expression labeled a minor fraction (< 20%) of TNCs ( Figures 1A and 1B) . Conditional tamoxifen-induced labeling of Osx-expressing cells at postnatal day 5 which was shown to mark long-lived BM MSCs (Mizoguchi et al., 2014) , also labeled a small subset of TNCs (< 3%; Figure 1B) . By contrast, constitutive Csf1r-iCre, Tie2-Cre, and Vav1-iCre which can drive expression in hematopoietic and endothelial cells labeled most TNCs (59 to 69%; Figure 1C ). We further probed the heterogeneity among TNCs by evaluating in more detail the expression of a wide range of surface markers by fluorescence-activated cell sorting (FACS). These analyses revealed expression of hematopoietic markers such as CD24, CD43, CD44, CD71, and CD105 in the majority of TNCs (40% to 60%; Figure S1A ), indicating heterogeneity in the TNC population in bone marrow. Although non-hematopoietic BM stromal cells are generally considered non-transplantable (Simmons et al., 1987) , recent studies have suggested that fresh stromal cells may engraft the BM of lethally irradiated recipients (Morikawa et al., 2009; Park et al., 2012; Zhou et al., 2014) . We used a transplantation strategy to define TNCs by transplantation of wild-type unlabeled BM into irradiated and non-irradiated ROSA26-ACTB-tdTomato-EGFP (Rosa26mTmG) mice that constitutively express the fluorescent reporter iTdTomato ( Figure 1D ). Both the hematopoietic (CD45 + or Ter119 + ) and TNC fractions were highly replaced by donor cells (95% and 89%, respectively) 4 months after transplantation of lethally irradiated recipients ( Figures 1E and 1F) . We next evaluated CFU-F activity by sorting donor (iTdTomato -) or host (iTdTomato + ) TNCs from transplanted mice. These analyses revealed that CFU-F activity was exclusively derived from host TNCs ( Figure 1G ) and confirmed that CFU-Fs were not transplantable.
Because CD51 and PDGFRa have been reported to mark Nestin-GFP + MSCs in mouse BM , we assessed their expression among donor and host TNCs. As expected, PDGFRa + CD51 + TNCs were highly enriched in the non-transplantable fraction whereas the vast majority of PDGFRa -CD51 -TNCs (90%) were derived from the donor ( Figure 1H ). Analysis of CD51 and CD44 expression in host-derived TNCs before and after WT transplantation revealed that CD44 + cells (and to a lesser extent CD105) were highly replaced by donor cells after transplantation while CD51 expression and other stromal markers (PDGFRa and Lepr) were largely derived from the host ( Figures  1I and 1J ). These results suggest that CD44 and CD51 expression could discriminate host from donor-derived TNCs.
Differential Expression of CD44 and CD51 Distinguishes Mesenchymal-from HSC-Derived TNCs
We thus evaluated CD44 and CD51 expression among steadystate TNCs (i.e., not transplanted) to characterize stromal cell subsets. We determined the optimal enzymatic concentration needed to maximize recovery yield for all TNC subsets. After optimal enzymatic BM cell dissociation (collagenase IV 2 mg/mL and dispase 1 mg/mL), TNC recovery was markedly increased compared to flushed BM (Figures S1B-S1D ) from Rosa26mTmG mice and assessed whether they could reconstitute TNCs after transplantation ( Figure 3A) . We found that HSCs and MPP1/2 efficiently repopulated CD44 + CD51 -TNCs 2 weeks after transplantation ( Figures 3B-3D ), whereas MPP3/4 mostly repopulated CD44 -CD51 -TNCs ( Figures 3E and 3F ). These results support the notion that two major subsets of TNCs, encompassing nearly > 85% of the canonical ''stromal'' gating strategy, have a hematopoietic origin. To confirm their origin and evaluate further the nature of HSCderived TNCs, we compared the transcriptome of CD44 + CD51 -TNCs (the subpopulation that presented the highest donor chimerism in transplantation experiments, Figure 1J ), with that of CD51 + TNCs. These analyses showed that CD51 + TNCs were highly enriched, as expected, in niche-associated genes such as Cxcl12, Spp1, Kitl, Pdgfra, Il7, Cspg4, Runx2 , while the expression of these genes was negligible in CD44 + CD51 -TNCs ( Figure S3A ; Tables S1 and S2). CD44 + CD51 -TNCs have high expression of hematopoietic genes ( Figure S3A ; Table S2 ), especially erythroid genes, such as Klf1, Gata1, Statistical significance was assessed using twotailed t test (E)-(G), one-way ANOVA followed by Tukey's multiple comparison test (H and J), twoway ANOVA followed by Sidak multiple comparison test (I) *p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001. Data are represented as mean ± SEM from at least 2 independent experiments. See also Figure S1 . and Gfi1b (Hattangadi et al., 2011 (Pronk et al., 2007) . We found that Klf1, Gata1, and
Gfi1b expression was similar between CD44 + CD51 -TNCs and bona fide erythroid progenitors ( Figure S3B ). Expression of genes associated with mature erythroid progeny (RhD, Epor) were found to be expressed at higher levels in CD44 -
CD51
-TNCs than in the other cell populations ( Figure S3B , bottom panels). Principal component analysis of CD44 + CD51 -and CD51 + TNCs with murine erythroblasts revealed that CD44 + CD51 -TNCs clustered close to proerythroblasts whereas CD51 + TNCs clustered away from all cell populations ( Figure S3C ). These results were confirmed by hierarchical clustering showing the distinct profile of CD51 + TNCs while CD44 + CD51 -TNCs were close to early erythroblast populations (Figure S3D) . To dissect further the heterogeneity of hematopoietic-derived TNCs, we carried out single-cell RNA-Seq analysis of CD51 -TNCs using a recently described approach to identify cell populations by cluster-specific upregulation of marker genes (Gr€ un et al., 2016) . Our analysis revealed the presence of erythroid progenitors (cluster 2) which represented > 38% of all cells analyzed while B cell progenitors (cluster 4), granulocytes (cluster 5), erythroblasts (cluster 6) and stromal cells (cluster 7) were also detected ( Figures 3G, 3H , S4A, and S4B; Table S3 ) as confirmed by cluster-specific gene expression ( Figures S4C-S4I ). Interestingly, CD44 + CD51 -TNCs were mostly identified as erythroid progenitors (cluster 2) while CD44 -CD51 -TNCs were distributed among the clusters (Figure 3H) . Index sorting analysis of cell clusters from single-cell RNA-seq (Figures 3G and 3H) confirmed that CD44 was expressed at higher levels in erythroid progenitors (cluster 2) and B cell progenitors (cluster 4) compared with stromal cells (cluster 7) from CD51 -TNCs ( Figure S4J ). Therefore, excluding CD44 + CD51 -cells from TNCs by flow cytometry would significantly enrich for bone marrow stromal cells ( Figure S4K ). These data suggest heterogeneity among HSC-derived TNCs, of which the erythroid and B-lymphoid signatures appear more prominent.
TNCs Contain Stromal-Dependent Erythroid and B-Lymphoid Progenitors
To assess the differentiation capacities of HSC-derived CD44 + CD51 -and CD44 -CD51 -TNCs, we sorted TNC populations and evaluated their ability to form colonies in culture. While CD44 -CD51 -TNCs did not exhibit any colony-forming activity (Table 1) , CD44 + CD51 -TNCs were able to generate pre-B colonies, supporting the idea that this fraction contains B-lymphoid progenitors (Table 1) . Both CD44 + CD51 -and CD44 -CD51 -TNCs presented no or very low burst-forming unit-erythroid (BFU-E) and colony-forming units-erythroid (CFU-E) activity, in contrast to sorted erythroid progenitors (Table 1) . Therefore, we assessed whether sorted TNCs would perform better when plated in the presence of BM-derived stromal cells ( Figure 4A Figure 4J ; Figure S6B ).
To ascertain whether the erythroid and B-lymphoid progenitor activities were derived from distinct progenitors, we bred Epor-iCre knock-in mice with the iTdTomato reporter mouse to label erythroid progenitors (Heinrich et al., 2004) , and sorted (I) Whole-mount image of sternal bone marrow from Osx-Cre ERT2 ;iTdTomato mice 15 weeks after tamoxifen injection at post-natal day 5 and stained with anti-CD44, anti-CD31, and anti-CD144 (VE-Cadherin) antibodies. Scale bar, 10 mm. Statistical significance was assessed using one-way ANOVA followed by Tukey's multiple comparison test (B, C, F, and G), two-way ANOVA followed by Sidak multiple comparison test (E) and two-tailed t test (H). *p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001. Data are represented as mean ± SEM from at least 2 independent experiments. See also Figures S1 and S2. (G and H) RNA sequencing from single TNC. T-distributed stochastic neighbor embedding (t-SNE) map representation of transcriptome similarities represented by cluster 1 (blue), cluster 2 (black; erythroid progenitors), cluster 3 (pink), cluster 4 (green; B cell progenitors), cluster 5 (purple; granulocytes), cluster 6 (light blue; erythroblasts), cluster 7 (yellow; stromal cells), cluster 8 (red), cluster 9 (brown) (G), and t-SNE map representation showing the origin of single cells within each cluster (H) where gray = CD44+ CD51ˉTNCs and blue = CD44 À CD51 À TNCs. Single cells from 2 independent sorting experiments.
Statistical significance was assessed using one-way ANOVA followed by Tukey's multiple comparison test (B-F) *p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001. Data are represented as mean ± SEM from at least 2 independent experiments. See also Figures S3 and S4 and Tables S1-S3. 2,304 single CD44 + CD51 -TNCs which were then cultured on bone-marrow-derived stromal cells in the presence of hematopoietic cytokines (stem cell factor, IL-3, IL-6, IL-7, erythropoietin, thrombopoietin; Figure 5A ). Figures 5B and 5C ). We observed no occurrence of single TNCs producing both erythroid and B-lymphoid progeny, confirming that the progenitor activity emerged from distinct cells ( Figures 5B and 5C ). Index sorting analysis confirmed that the Epor and Ly6D expression segregated in erythroid and B-lymphoid progenitors, respectively ( Figure 5D ). Indeed, the vast majority (83.8%) of Ly6D -CD44 + CD51 -TNCs were marked by iTdTomato in Epor-iCre mice whereas Ly6D + CD44 + CD51 -TNCs were iTdTomato -( Figure S6C ). These results indicate that CD44 + CD51 -TNCs contains at least two distinct progenitors capable of erythroid or lymphoid differentiation.
TNCs Repopulate the B-Lymphoid and Erythroid Compartments In Vivo
At the steady state, erythroid TNC progenitor numbers are comparable to CFU-E ( Figure S7A ; left panel) while the proportion of lymphoid TNCs is lower than B-lymphoid progenitors (Figure S7A ; right panel). To assess their in vivo contribution, we sorted TNCs from UBC-GFP mice (allowing detection of RBC reconstitution [Schaefer et al., 2001] ) and transplanted them into lethally irradiated mice. Donor chimerism 1-week posttransplantation revealed the presence of circulating RBCs in mice transplanted with CD44 + CD51 -TNCs, whereas no donor RBCs were detected from mice transplanted with CD44 -
CD51
-TNCs ( Figures 6A and 6B) . Interestingly, CD51 -TNCs repopulated the B lymphoid compartment in the bone marrow, whereas CD44 + CD51 -TNCs generated mostly erythroid or megakaryocytic cells in the spleen ( Figures 6C and 6D ). Transplantation of either preCFU-E or preMegE populations gave rise to higher chimerism than TNCs and were able to reconstitute the CD44 + CD51 -TNC population, suggesting that they may lie upstream in the hematopoietic hierarchy ( Figure 6E ). These data further support the contribution of TNCs in the generation of erythroid or B lymphoid cells.
To evaluate the TNC function in pathological conditions, we assessed TNC numbers in BM of mice with acute hemolysis or a chronic hemoglobinopathy. Following the injection of the hemoglobin-oxidizing agent phenylhydrazine (PHZ) to induce acute hemolytic anemia, we found that the number of CD44 + CD51 -TNCs significantly expanded 2 days after PHZ injection ( Figures 6F-6I ), whereas CD45 + erythroid populations expanded only 4 days after treatment ( Figures S7A-S7D) . Furthermore, the numbers of CD51 + or CD44 -CD51 -TNCs remained unchanged during PHZ treatment ( Figures  6F-6I ). In addition, we also challenged mice with sublethal irradiation (4 Gy) which induces stress erythropoiesis during the recovery period. Irradiation-induced stress erythropoiesis expanded by 10-fold the number of CD44 + CD51 -TNCs in contrast with other erythroid progenitor populations that showed limited recovery 6 days after irradiation ( Figures  S7E-S7J ) isolated from BM and plated in co-culture with BM-derived stromal cells for 48 hr. n = 6 mice per group in two independent cell sorting experiments. Statistical significance was assessed using one-way ANOVA followed by Tukey's multiple comparison test (B-F, I) *p % 0.05, **p % 0.01, ***p % 0.001 ****p % 0.0001. Data are represented as mean ± SEM. See also Figure S5 and S6. ) were used for normalization. n = 33 for B-lymphoid, n = 533 for erythroid colonies, and n = 382 for negative controls. Statistical significance was assessed using oneway ANOVA followed by Tukey's multiple comparison test (D) *p % 0.05, ****p % 0.0001. Box and whisker plots display the median, 25th, and 75th percentile of the distribution (box), and whiskers extend to the minimum and maximum data point. Grubbs test (a = 0.05) was used to identify outliers. See also Figures CD45, the antigen widely used to select for hematopoietic cells, encodes for a protein tyrosine phosphatase (Penninger et al., 2001) . Although its expression is ubiquitous among leukocytes, it has been extensively studied in the context of antigenstimulated proliferation of T and B lymphocytes (Trowbridge and Thomas, 1994) . CD45 regulates cell adhesion in that hematopoietic progenitors from CD45 null mice were shown to exhibit increased adherence to stromal cells due to unchecked Src kinase activity (Shivtiel et al., 2008) . Human CD45 also plays a key role in homing and repopulation of hematopoietic stem and progenitor cells in immunodeficient mice (Shivtiel et al., 2011) . Our studies showing the absence of CD45 expression in a subset of hematopoietic progenitors may reflect a transient requirement during ontogeny for enhanced adhesion to stromal cells. HSCderived TNCs indeed appear to be tightly adhered to their microenvironment since enzymatic digestion releases the CD44 +
-fraction to the same extent as the bona fide CD51 + stromal cells (by $10-and 13-fold, respectively, compared to nondigested flushed BM). A tight association of TNCs with stromal cells is also supported by the fact that colony-forming activity for erythroid cells is greatly enhanced by the presence of a cultured stromal layer, indicating that these erythroid precursors depend on stroma-derived signals. Erythroid progenitor activity is classically detected by colony formation in non-adherent methylcellulose cultures where the most immature colonies (BFU-E) give rise to rapidly dividing CFU-E (Hattangadi et al., 2011) . CD45 has been reported to be expressed on erythroid progenitors that have BFU-E or CFU-E activity and is downregulated as they further differentiate into Ter119-expressing erythroblast Liu et al., 2013 Socolovsky et al., 2001) . The presence of erythroid progenitors in the CD45-negative and Ter119-negative cell fraction has, to our knowledge, not been previously described, likely because they don't form colonies in methylcellulose (by contrast to BFU-E and CFU-E) and require stromal cells for their maintenance. Based on our co-culture and transplantation experiments, CD44 + CD51 -TNCs may represent an intermediate progenitor stage upstream of Ter119 lo/+ proerythroblasts, and downstream of CD45 + CFU-E, and may be referred to as a ''pre-proerythroblast'' (by analogy to pre-pro-B cells). The role of stromal cells in the regulation of B-lymphopoiesis has been extensively studied (Hardy et al., 2007; Nagasawa, 2006) . B-lymphoid-committed progenitors rely on CXCR4 to localize near IL-7 + BM stromal cells which promote their survival and differentiation (Cordeiro Gomes et al., 2016) . In vitro studies have revealed that B cell precursors can differentiate in a stromal-free environment, but their self-renewal and survival capacities require stromal cells (Montecino-Rodriguez and Dorshkind, 2006; Rolink et al., 2000) . During their maturation, pre-B cells transit through a stromal-adherent stage, allowing them to expand before entering a non-adherent phase where selfrenewal is lost at the expense of differentiation (Joshi et al., 2014) . Although B-lymphoid cells are known to express CD45 (Thomas, 1989) , our results have uncovered the presence of yet unappreciated CD45 -B-lymphoid precursors within HSCderived TNCs that appear phenotypically similar to pro-B cells.
We have found that Ly6D, which labels the earliest committed B cell progenitors in the BM (Inlay et al., 2009) , is expressed on CD44 + CD51 -TNCs that contain B-lymphoid colony-forming activity. Indeed, Ly6D expression allows the separation of B-lymphoid from erythroid progenitors in CD44 + CD51 -TNCs.
Although single cell cultures show that TNC-derived B-lymphoid progenitor frequency is lower than the erythroid progenitor activity (1 to 16 ratio), the TNC-derived B-lymphoid progenitors are functionally active as they can robustly repopulate the bone marrow after transplantation. Given the permeation of the CD45 -Ter119 -CD31 -cell fraction by hematopoietic progenitors, our results suggest that additional markers such as CD44 and CD51 should be routinely included in future analyses and isolation of bone marrow stromal cells.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: ), referred to as SA mice. Representative FACS plot (J) and quantification (K-M) showing TNC counts per femur in SA and SCD mice. n = 7-8 mice per group from 2 independent experiments. Statistical significance was assessed using one-way ANOVA followed by Tukey's multiple comparison test (B, G-I) and two-tailed t test (K-M). *p % 0.05, **p % 0.01, ***p % 0.001 ****p % 0.0001. Data are represented as mean ± SEM from at least 2 independent experiments. See also Figure S7 . 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Mice B6;FVB-Tg(Cspg4-Cre)1Akik/J (NG2-Cre), B6.129-Leprtm2(Cre)Rck/J(Lepr-Cre), B6.CgGt(ROSA)26Sortm14.CAG-tdTomato/Hze/J (iTdTomato), B6.129(Cg)-Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J (Rosa26mTmG), B6.Cg-Tg(Tek-Cre)12Flv/J (Tie2-Cre), C57BL/6-Tg(UBC-GFP)30Scha/J (UBC-GFP), C57BL/6-Gt(ROSA)26Sortm1 (HBEGF)Awai/J(iDTR), C57BL/6-CD45.1/2 congenic strains (all from Jackson laboratory), Nestin-GFP mice (Mignone et al., 2004 ), Vav1-iCre (de Boer et al., 2003 , Epor-iCre (Heinrich et al., 2004) and Osx-CreER T2 mice (Maes et al., 2010) were bred in our facilities. Csf1r-iCre mice (Deng et al., 2010) ), referred to as SA mice, were at least 18 weeks old and have been used and previously described (Pá szty et al., 1997) . All mice were maintained on the C57BL/6 background. Unless indicated otherwise, 9-13 week-old male and female mice were used. All mice were housed in pathogen-free conditions and fed with autoclaved food, and all experimental procedures were approved by the Animal Care and Use Committees of Albert Einstein College of Medicine.
Bone marrow-derived stromal cells Cells were isolated from flushed bone marrow from male C57BL/6 mice and dissociated using 21G needle. Cells were then plated in 10-cm Petri dish containing aMEM with 20% FBS, 100 U/mL penicillin-streptomycin, L-glutamine 2 mM, Fibroblast growth factor (R&D Systems) 5 ng/mL and incubate at 37 C 5% CO 2 for 3 weeks. Depletion of CD45 + cells was done weekly for 3 weeks using anti-CD45 magnetic beads (Miltenyi Biotec) according to the manufacturer's recommendations. Stromal cells were allowed to reach 80%-90% confluency and were subcultured for no more than 8 passages. Bone marrow-derived cells were used at passage 5-6 to get rid of all hematopoietic cells.
METHOD DETAILS
Cell sorting and flow cytometry For the analyses of hematopoietic cells, BM cells were flushed and dissociated by gently passing through a 21G needle. Ammonium chloride was used for red blood cell (RBC) lysis. For analysis of stromal cells, BM plugs were flushed and sequentially digested in HBSS buffer containing collagenase type IV (2 mg/mL, GIBCO) and dispase (1 mg/mL, GIBCO) 3 times for 10 minutes at 37 C and the supernatant is collected between digestions and pooled into a tube containing ice-cold FACS buffer (PBS, EDTA 2 mM, BSA 0.1%, 0.05% NaN 3 ). Cells were surface-stained in PEB buffer (PBS supplemented with 0.5% BSA and 2mM EDTA) for 15-20 min on ice. Multiparametric flow cytometric analyses were performed on a LSRII equipped with FACS Diva 8.0 software RNA isolation and quantitative real-time PCR (Q-PCR) Messenger RNA isolation was performed using Dynabeads mRNA DIRECT MicroKit (Life Technologies) and reverse transcription was performed using RNA to cDNA EcoDry Premix (Clontech) according to the manufacturer's protocols. Quantitative PCR was performed with SYBR Green (Roche) on the QuantStudio 6 Flex Real-time PCR System (Applied Biosystems). The PCR protocol consisted of 1 cycle at 95 C (10 min) followed by 40 cycles of 95 C (15 s) and 60 C (1 min). For list of primers see Table S4 . Expression of glyceraldehyde-3-phosphate dehydrogenase (Gapdh) was used as standard. The average threshold cycle number (Ct) for each tested mRNA was used to quantify the relative expression of each gene; 2 À [Ct(gene) À Ct(standard)].
RNA preparation from bulk populations and next-generation sequencing Total RNA from sorted TNCs was extracted using the RNAeasy Plus Micro kit (QIAGEN). The integrity and purity of total RNA were assessed using an Aligent 2100 Bioanalyzer (Agilent Technologies). Complementary DNA was generated using the SMART-Seq v4 Ultra Low Input RNA Kit for Sequencing (Clontech Laboratories) from 1 ng of totalRNA. The Nextera XT DNASample preparation Kit (Illumina) was used for preparation of DNA libraries. The libraries were then submitted for Illumina HiSeq2500 sequencing (Illumina) according to the standard operation procedure.
Bulk RNA-sequencing (RNA-Seq) data analysis Gene lengths were obtained from the annotation file gencode.vM9.annotation.gtf. To determine the length of a gene, the combined length of non-overlapping exons was used. Raw values from the RNA-Seq data were converted to log2 RPKM values using the gene lengths in R, with the prior.count argument set to 1. Gene expression data was included only for cell types from the CD44 + CD51 -and CD51 + TNC samples. Genes with a CPM value > 0.1 in at least 25% of all 12 samples were retained, resulting in a total of 25,955
genes. Normalization factors were used to scale library sizes via the TMM method from edgeR (version 3.16.5). The ''estimateDisp'' function in edgeR was then used to estimate common, trended, and tagwise negative binomial dispersions. A negative binomial generalized log-linear model was fitted to the read counts for each gene and this model was used to test for differentially expressed genes between the CD44 + CD51 -and CD51 + TNCs using a generalized linear model (GLM) likelihood ratio test. The fitting and tests were done using edgeR functions glmFit and glmLRT. To assess the difference between CD44 + CD51 -and CD51 + TNCs, the differentially expressed genes were defined as those genes with statistical significance passing an adjusted P value of 0.05. To do this, raw counts for each sample were used. There were 6 total samples with 3 samples in each group. A gene was only tested for differential expression in this analysis if it had a CPM > 0.1 in at least 50% of samples. edgeR was used to calculate normalization factors to scale the library sizes using the TMM method. The ''estimateDisp'' function in edgeR was used to estimate common, trended, and tagwise negative binomial dispersions. An exact test was used to find differentially expressed genes between CD44 + CD51 -and CD51 + TNCs. There were 7351 differentially expressed genes. Biomart was used to get the gene symbols from ensemble IDs. The raw counts from CD44 + CD51 -TNCs, CD51 + TNCs and erythroblasts (GSE53983) were combined. The length of each gene was found using the annotation file gencode.vM9.annotation.gtf. Using this annotation file, the combined length of non-overlapping exons in each gene was found. The raw counts were then converted to log2 RPKM values using the RPKM function in edgeR with the prior.count argument set to 1. The log2 RPKM values were retrieved for genes that were differentially expressed between CD44 + CD51 -and CD51 + TNCs.
The PCA plot was created from the matrix of log2 RPKM values using the prcomp function in R with arguments scale equal to TRUE and center equal to TRUE. The hierarchical cluster plots were created based on the Pearson correlation coefficient (R2) as the distance metric, specifically 1 -R2 and using the as.dist function in R. The hclust function in R was used with the complete linkage to perform hierarchical clustering. The log2 RPKM values were used to create a heatmap using the heatmap.2 function (gplots version 3.0.1). The hclust method used was complete and the distance function used was a distance matrix made from the correlations of the log2 RPKM values subtracted from 1.
Single-cell RNA sequencing and analysis The SORTseq single cell RNA sequencing protocol was carried out as described previously . Briefly, single cells were sorted into 384 well plates containing CEL-Seq2 primer solution plus mineral oil and were immediately frozen on dry ice and stored at À80
C. CEL-Seq2 primers were dispensed with the Mosquito HTS (TTPlabtech). Before cell lysis by means of a heat shock, ERCC Spike-in RNA (0.02 mL of 1: 50,000 dilution) was added to each well. RT and second strand synthesis reagents were dispensed using the Nanodrop II (GC biotech). After generation of cDNA from the original mRNA, all cells from the plate were pooled and the pooled sample was amplified linearly by performing in vitro transcription. The amplified RNA was then RT'd to cDNA using a random hexamer primer, as described in the CEL-Seq2 manual (Hashimshony et al., 2016) . To generate sequencing libraries, RPI-series index primers were used for library PCR. Libraries were sequenced on an Illumina Nextseq500 using 75 bp paired end sequencing. Paired end reads obtained by sequencing were aligned to the transcriptome using bwa (version 0.7.10) as described previously and the RaceID2 algorithm was used to generate single cell clusters (Gr€ un et al., 2016) . RaceID2 was run with parameters mintotal = 1000, minexpr = 5, maxexpr = 500 and default parameters otherwise. We removed mitochondrial genes and other non-cell-type specific genes (Malat1, Rn45s, Kcnq1ot1, Mir5109, GM17821, Vmn2r55, Ptma and Lars) found in all clusters. The R-code and documentation of RaceID2 is available for download at https://github.com/dgrun/StemID.
Cell cycle analysis BM cells were stained with surface markers, fixed and permeabilized using BD Cytofix/Cytoperm TM Fixation/Permeabilization Kit according to the manufacturer's protocol, and stained with anti-Ki67 antibody and Hoechst 33342 at 20 mg/mL for 30 min. After washing, cells were analyzed by LSRII Flow Cytometer (Becton Dickinson).
Immunofluorescence imaging
Whole-mount sternum immunofluorescence was performed as previously described (Asada et al., 2017) . Mice were injected with Alexa Fluor 647-anti-CD144 (VE-Cadherin) (BV13, BioLegend, 5 mg per mouse) and Alexa Fluor 647-anti-CD31 (MEC13.3, BioLegend,cat, 5 mg per mouse) via the retro-orbital plexux 10 minutes before euthanasia. Sternal BM was exposed and fixed with 4% PFA for 20 min. Bone fragments were then washed in PBS and blocked/permeabilized in PBS containing 20% normal goat serum and 0.5% Triton X-100. Sternal bones were incubated with primary antibodies overnight. Primary antibodies used were anti-CD44-biotin (IM7, BioLegend,) and anti-CD45 pacific blue (30-F11, BioLegend). After washing in PBS, tissues were incubated with secondary antibodies for 2 hours. Secondary antibodies used were Alexa Fluor 488 goat anti-rabbit IgG (Molecular Probes, A-11034).
In vivo treatments
For induction Osx-CreER T2 -mediated recombination, mice at post-natal day 5 (P5) were injected with 2 mg/30 g tamoxifen (Sigma) by intragastric injection and were analyzed after a chase of 15 weeks. For phenylhydrazine (PHZ) treatment, mice were injected i.p. with 40mg/kg PHZ for two consecutive days and analyzed 2 days and 4 days after the first injection. For sublethal irradiation experiments, mice were irradiated with 6 Gy and analyzed 1 week later. For DT-mediated Lepr + cell depletion using Lepr-Cre;iDTR mice, 250 ng of DT (Sigma) were injected i.p. every 24 h over 7 days. (Pronk et al., 2007) as well as TNC populations were sorted individually from UBC-GFP mice (20,000 CFU-E, 5,000 preCFU-E and 5,000 preMegE, 20,000 CD CD44 + CD51 -TNCs, 10,000 CD44 -CD51 -TNCs) and injected in lethally irradiated mice (12 Gy).
Bone marrow transplantation
Cell culture assays
To evaluate CFU-F activity, sorted cells (1-3 3 10 3 ) were seeded per well in a 12-well adherent tissue culture plate using phenol-red free a-MEM (GIBCO) supplemented with 20% FBS (Hyclone), 10% MesenCult stimulatory supplement (StemCell Technologies) and 0.5% penicillin-streptomycin. One-half of the media was replaced after 7 days and at day 14 cells were stained with Differential Quik Stain (modified Giemsa) Kit (Polysciences).
For BFU-E, CFU-E and CFU pre-B, CD44 + CD51 -and CD44 -CD51 -TNCs (500-2000 per plate) were individually sorted from C57BL/6 mice BM and plated in methylcellulose (Stem Cell Technologies, Cat#: 3630 (CFU pre-B), Cat#: 3436 (BFU-E), Cat#: 3434 (CFU-E)) and incubated for 7 days (BFU-E, CFU pre-B) or 2-3 days (CFUE) at 37 C in 5% CO2. Stem cell factor (25ng/mL) was added to CFU pre-B methylcellulose.
In vitro liquid culture was performed as previously described with modifications . Sorted CD44 + CD51 -TNCs, CD44 -CD51 -TNCs, CFU-E, preCFU-E and preMegE from Rosa26mTmG mice (500-2,500 per well) were cultured in 96-well plates containing co-culture media composed of DMEM (Corning Cellgro #10-017-CV), 30% FBS, 100 U/mL penicillin-streptomycin, 1-thioglycerol 0.1 mM (Sigma #M6145), Insulin-Transferrin-Selenium-Ethanolamine (ITS-X) (ThermoFisher Scientific #51500-056), 2 U/mL erythropoietin (BioLegend #587602), stem cell factor (25ng/mL), IL-3 (Peprotech #213-13, 25ng/mL), IL-6 (Peprotech For single-cell co-culture assays, BM-derived stromal cells (300 cells) were seeded in 384-well plates 24 h prior to co-culture. Single CD44 -CD51 -TNCs from Epor-iCre;iTdTomato mice were seeded in plates containing co-culture media with IL-7 as previously described. After 2 days, each well was assessed for the presence of iTdTomato+ colonies for erythroid lineage contribution. After 1 week, cells within each well were stained for lineage markers as described previously and B-lymphoid contribution was assessed by FACS.
QUANTIFICATION AND STATISTICAL ANALYSIS
All data are represented as mean ± SEM n represents mouse number analyzed in each experiment, as detailed in figure legends.
Comparison between two samples were done using two-tailed Student's t tests. One-way analysis of variance (ANOVA) analyses followed by Tukey's multiple comparison test or two-way ANOVA followed by Sidak multiple comparison test were used for multiple group comparisons. Statistical analyses were performed using GraphPad Prism 7 software. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
DATA AND SOFTWARE AVAILABILITY
The accession number for the raw data files for the RNA-Seq analyses reported in this paper is GSE107775 and GSE114161.
